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ABSTRACT: The behaviour of saturated soft clays subjected to cyclic loading is of considerable importance in the 
design of railway subgrades. Soft clays can be extensively found in many coastal regions of Australia up to significant 
depths, including the coastal belt and the central part of NSW. These soft clay deposits are characterised by very low 
bearing capacity and excessive settlement. The increase in generated excess pore pressures due to heavy freight trains 
significantly reduces the bearing capacity and causes serious damage to the rail infrastructure such as clay pumping 
underneath railway tracks and excessive subsidence. The use of prefabricated vertical drains (PVDs) is one of the 
popular methods for soft ground improvement. In this paper, the behaviour of soft clay subjected to cyclic loads is 
investigated using large-scale triaxial tests. Cyclic triaxial tests on remoulded soft clay samples with and without 
vertical drains have been carried out using a large-scale triaxial apparatus designed and built at the University of 
Wollongong. It was found that the PVD under cyclic loading allows the generated cyclic excess pore pressures to 
dissipate during and after the cyclic load application. The extent of smear zone was approximately three times the 
equivalent diameter of the mandrel used during installation and is comparable to the generally accepted relationship 
between mandrel and smear produced under static loading. The case history at Sandgate Rail Grade Separation 
Project is also presented with a Class A numerical prediction. Design methodology and finite element analysis are 
discussed through associated settlement and lateral displacement. 
1. INTRODUCTION 
Installation of vertical drains accelerates consolidation 
by promoting horizontal flow of excess pore water 
pressure as the drainage path shortens from the 
thickness of clay (one way drainage) to half of the drain 
spacing.  Rather than using conventional sand drains, 
prefabricated vertical band drains, consisting of a plastic 
core (protected by fabric filter) with a longitudinal 
channel, are commonly used as a result of quicker 
installation and lesser degree of soil disturbance 
(Hansbo 1981).  The most common band shaped drains 
have dimensions of 100 × 4 mm2.  A static or dynamic 
force can be applied on a steel mandrel to push the 
vertical drain into position.  In the static system, the 
mandrel is pushed into the soil by a constant force. 
However, in the dynamic system, the mandrel is inserted 
into the ground using a conventional drop weight or 
vibration.  Static installation procedure is desirable as 
it introduces less disturbance to surrounding soil (Bo et 
al 2003). 
Improvement of soft clay subjected to cyclic loading has 
significant importance on the road and railway sectors, 
where traffic movements often impose large loads to the 
subsoil at varying frequencies. The application of cyclic 
loading on soft, low permeability soils changes their 
stress-strain properties and also induces cumulative 
excess pore water pressure (PWP). High excess PWP 
may affect the stability of foundation and require longer 
period to dissipate (Potts 1985).  Hence, a ground 
improvement technique is deemed necessary to control 
the generation of cyclic excess pore pressure, as well as 
the vertical and lateral displacements. As one of the 
most effective techniques, prefabricated vertical drains 
(PVDs) with preloading has been introduced recently in 
Australia to stabilize rail tracks built on soft formation 
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(Sathananthan et al. 2008). As a result, the dissipation 
rate of induced cyclic excess pore pressure is higher; 
and the lateral displacement can be curtailed.  
In this paper, the performance of PVDs subjected to 
cyclic loading will be investigated using large-scale 
triaxial tests.  The extent of smear zone will be 
quantified.  The potential advantages of PVDs under 
cyclic loading conditions, such as in railway subgrade, 
will be discussed. 
2. CHARACTERISTICS OF SMEAR ZONE 
The installation of PVDs  introduces significant 
disturbance to the  surrounding soil of the mandrel, 
which is known as the smear zone.  Generally, the 
extent of the smear zone depends on the cross sectional 
area of the mandrel, soil properties, installation 
technique, and the shape of the anchor. The mandrel size 
should be concise to minimise the outward and 
downward displacement during installation. While 
studying the effect of mandrel-driven drains on soft 
clays, Indraratna et al. (2010) observed that when a 
closed-end mandrel is driven into saturated clay, the 
clay suffers large excess pore water pressure associated 
with ground heave and lateral displacement due to 
cavity expansion. The excess pore pressure due to 
installation dissipates rapidly, followed by the process 
of consolidation before the fill is placed. The strength 
and coefficient of consolidation of the surrounding soil 
can be decrease considerably with the increasing size of 
the mandrel (Bergado et al., 1991). The reduced 
permeability in the disturbed zone retarded the 
dissipation of excess pore pressure thereby increasing 
the consolidation period.  Based on the laboratory 
experiments on static installation of PVDs conducted by 
Indraratna and Redana (1998) and Sharma and Xiao 
(2000), the permeability ratio in undisturbed and smear 
zone (kh/ks) linearly reduces from 1.5-2.0 in the 
undisturbed zone to unity at the soil drain interface. The 
ratio between the diameter of the mandrel (dm) and the 
diameter of smear zone (ds) is about 2-3.  This ratio can 
vary significantly in the field due to the type of drain, 
type of soil and installation procedures (Saye, 2003). 
3. PROCESS SIMULATION TESTING 
PROCEDURES 
The large-scale triaxial testing system, designed and 
built at University of Wollongong, was modified to 
investigate the effect of PVDs on soft soil subjected to 
cyclic loading.  The triaxial cell is capable to test on 
soil samples with the dimension of 300 mm in diameter 
and 600 mm in height.  Reconstituted kaolin was used 
in this study.  The clay size particles (<2 μm) 
accounted for about 60% of the specimen, and particles 
smaller than silt size (<6 mm) was about 30%. Selected 
geotechnical properties of the kaolin sample are shown 
in Table 1. The sample was reconstituted by adding 
water, and mixing in a mechanical mixer, to attain a 
water content of 55% (liquid limit).  The kaolin 
mixture was then carefully placed into the membrane 
fitted at the base of the triaxial cell. During the 
placement of the kaolin mixture, six saturated miniature 
pore pressure transducers were installed to the specific 
locations shown in Fig. 1.  A PVD (100mm × 4mm) 
was then driven through the centre of the sample using a 
rectangular mandrel and then the mandrel was removed 
after installation of PVD. Care was taken during 
installation of the PVD, and the removal of the mandrel, 
to avoid excessive disturbance to the soil.  Water was 
then poured through the centre of the PVD to prevent 
any  unsaturation effects. 
After the installation of PVD, the top cap was placed on 
the top of the soil sample, which was then placed within 
the large-scale cylindrical triaxial cell, where the sample 
was allowed to consolidate for a period of one month at 
a confining pressure of 30 kPa.  A Skempton B 
parameter of 0.99 or more was obtained during the back 
pressure application (B value is used to check degree of 
saturation, which should be done before consolidation!).  
A 25 kPa cyclic load was applied to the sample at a 
frequency of 5Hz for 3000 cycles, which is a typical 
frequency for trains travelling at approximately 75 
km/hr (Fig. 2).  In this study two test series were 
conducted: (a) isotropically consolidated cyclic 
undrained (CIU) tests without PVD and (b) CIU tests 
with PVD.  The accumulation of pore pressures were 
monitored and recorded.  The dissipation of pore 
pressures, were further monitored for 89 minutes after 
the completion of loading. 
Table 1.  Soil properties of reconstituted clay sample. 
Property Value 
Index properties:
Liquid limit (%) 55 
Plastic limit (%) 27
Specific gravity 2.7
Percent sand (%) 12 
Percent silt size (%) 26
Percent clay size (%) 62
Engineering properties
Slope of consolidation line, λ, in v-lnp’ plot 0.17 
Slope of swelling line, κ, in v-ln p’ plot 0.03 
Angle of internal friction (φ’) 27o
Slope of critical state line in q-p’ plot 1.07 
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Figure 1. Locations of pore pressure transducers  
Subsequently, 2 vertical and 4 horizontal specimens 
were collected from different locations within the cell at 
known radial distances, as shown in Fig. 3.  Standard 
consolidation tests (AS1289.6.6.1) were performed on 
these samples to establish the extent of smear zone, 
close to and away from the central drain. 
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Figure 2. Cyclic stress applied to the soil sample 
Figure 3. Locations of samples for consolidation testing 
4. TEST RESULTS AND ANALYSIS 
The comparison of cyclic-induced excess pore water 
pressure during CIU tests with and without PVD is 
presented in Figure 4. It observes that the sample 
without PVD failed at the excess pore pressure of 30kPa 
after 120 seconds of cyclic load application, whereas 
cyclic-induced excess pore pressure is significantly less 
when a PVD was installed.  As expected, the generated 
excess pore pressures measured at T2, T4 and T6 were 
the lowest (i.e. shortest drainage path), while the highest 
values were obtained at T1, T3 and T5 (as shown in 
Figure 5).  , Figure 5 also shows the dissipation of 
excess pore pressures facilitated by PVD after the 
application of cyclic loading.  The excess pore pressure 
that accumulated during loading was able to dissipate, 
thereby increasing soil undrained shear strength for the 
next loading stage. Upon cyclic load application, PVD 
can be used to control the rapid build-up of excess pore 
water pressures and to dissipate the excess pore pressure 
during rest period (i.e. after the application of cyclic 
load). Figure 5 indicates that, for newly operating tracks 
built on soft formation, the rest period between train 
passages should be at least 2 hours in order to allow the 
dissipation of cyclic-induced excess pore pressure. 
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Figure 4. The generation of excess pore pressure during 
cyclic load application 
As suggested by Indraratna and Redana (1998) and 
Sathananthan and Indraratna (2006), the extent of the 
smear zone can be determined using the radial variation 
of void ratio (e) and ratio between vertical and 
horizontal permeability (kv/kh) of the soil.  Under each 
load increment in consolidation tests, the corresponding 
void ratio and permeability ratio can be simply plotted 
with radial distance, as shown in Figure 6.  It shows 
that the diameter of smear zone (ds) is approximately 
0.07 m, as the soil permeability ratio and void ratio 
reduce significantly within 0.035m away from the PVD.  
The extent of the smear zone (ds) can be normalized 
with an equivalent mandrel diameter (dm).  It is found 
that the extent of the smear zone under cyclic loading is 
approximately 3 times of the equivalent mandrel 
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diameter.  This ratio is in agreement with the one 
obtained under static loading conditions. 
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Figure 5. Excess pore pressure dissipation after cyclic load 
application
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Figure 6. Smear zone extent based on kv/kh and void ratio 
5. DESIGN AND ANALYSIS FOR SHORT 
PVDS UNDER RAILWAY TRACK 
An effective ground improvement technique is crucial to 
stabilize the newly constructed 0.3m high rail track 
under very soft ground conditions. The short PVDs 
installation was selected to dissipate induced excess 
pore pressure due to cyclic loading applied by high 
speed trains and also to control the lateral displacement. 
The 8m long PVDs were used to improve the soil where 
the propagated load is significant. Due to the time 
stringent, train with slow speed was employed as a 
surcharge.  
In Australia, two railway lines were constructed recently 
to connect Snadgate area and Kooragang Island. The 
site investigation was carried out to study the soil 
conditions along the proposed route. It was found that 
the existing embankment fill overlies on soft 
compressible soil to a depth varying from 4m to 25m, 
followed by shale bedrock. The groundwater level is at 
the ground surface. The water contents of the soft soil 
layers are very close to their liquid limits. The bulk unit 
weight of soil varies from 14 to 16 kN/m3.  The 
undrained shear strength is between 10 and 40 kPa. The 
vertical coefficient of consolidation (ch) is 
approximately 10 times of the horizontal coefficient of 
consolidation (cv).
In this analysis, a repeated train loading was modeled as 
a static load adjusted by an impact load factor. The 
value of impact load factor may vary according to the 
field and track conditions (Esveld, 2001). A static load 
of 104kPa in conjunction with an impact factor of 1.3 
was employed according to the train speed and the axle 
loads. 
The finite element analysis program PLAXIS was 
employed in conjunction with the Soft Soil model and 
Mohr-Coulomb model (Brinkgreve, 2002). The surface 
compacted fill layer was modeled by Mohr-Coulomb 
theory, whereashe soft clays were modeled using Soft 
Soil model. Soil formation was divided into 3 layers, 
including, ballast and fill, Soft soil-1 and Soft soil-2 (as 
shown in Fig. 7). The soil parameters were given in 
Tables 2 and 3.  
As shown in Fig. 7, a plane strain finite element analysis 
is considered with an appropriate conversion procedure 
proposed by Indraratna et al. (2005). In this method, the 
corresponding ratio of the smear zone permeability to 
the undisturbed zone permeability in plane strain 
condition is obtained by: 
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where ed = the diameter of unit cell soil cylinder, 
sd = the diameter of the smear zone, wd = the 
equivalent diameter of the drain, sk = horizontal soil 
permeability in the smear zone, hk = horizontal soil 
permeability in the undisturbed zone and the top of 
the drain and subscripts ‘ax’ and ‘ps’ denote the 
axisymmetric and plane strain condition, respectively.  
104 kPa @ 2.5m width  (including impact factor of 1.3)
20m
65m
1m
9m
10m
Crust
Soft Soil 1
Soft Soil 2
Figure 7. Vertical cross section of rail track and foundation 
(after Indraratna et al. 2010) 
Table 2. Selected parameters for ballast and fill layer at 
Sandgate Rail Grade Separation (After Indraratna et al. 2010) 
Soil layer Ballast Fill 
Depth of layer (m) +0.3 m 0.0-1.0 
Model M-C M-C 
c (kPa) 5 29 
φ 50 29 
kv (×10-4 m/day) 10 0.7 
kh (×10-4 m/day) 10 1.4 
γdry (kN/m3) 15 7.9 
γwet (kN/m3) 15 14.67 
E (MPa) 150 3 
Table 3. Selected parameters for soft soil layer (After 
Indraratna et al. 2010) 
Soil layer Soft soil-1 Soft soil-2 
Depth of layer (m) 1.0-10.0 10.0-20.0 
Model Soft Soil Soft Soil 
c (kPa) 10 15 
φ 25 20 
e0 2.26 2.04 
λ/(1+e0) 0.131 0.141 
κ/(1+e0) 0.02 0.017 
kv (×10-4 m/day) 0.7 0.75 
kh (×10-4 m/day) 1.4 1.5 
γdry (kN/m3) 7.9 8.46 
γwet (kN/m3) 14.67 14.8 
6. FIELD RESULT COMPARISON WITH CLASS
A FEM PREDICTIONS 
The field measurements and numerical predictions are 
compared and discussed. It should mention that the 
PVDs were installed in-situ at a spacing of 2m with 
8m in length, based on the Authors’ analysis and 
recommendations. The predicted and measured 
vertical settlements at the rail track centerline agree 
with each other (Fig. 8). As the prediction was made 
before the construction of the track, it can be 
categorized as Class A prediction. The in-situ lateral 
displacement at 180 days at the rail embankment toe 
is illustrated together with field predictions in Fig. 9. 
The highest displacements are within the top clay 
layer, where it is restricted in the topmost compacted 
fill (0-1m deep).  
0 100 200 300 400
Time (days)
0.4
0.3
0.2
0.1
0
S
et
tle
m
en
t (
m
)
Field
Prediction
Figure 8. Predicted and measured at the centre line of rail 
tracks (After Indraratna et al. 2010) 
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Figure 9. Measured and predicted lateral displacement 
profiles near the rail embankment toe at 180 days (After 
Indraratna et al. 2010) 
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7. CONCLUSIONS
The study presented above indicates that the installation 
of PVDs significantly reduce the accumulation of excess 
pore water pressure during cyclic train loading, and also 
effectively dissipate pore water pressure during the rest 
period. The dissipation of the pore water pressure during 
the rest period makes the track more stable for the next 
loading stage. Even with the relative short PVDs, both 
the predictions and field measurement show that the 
lateral displacement can be curtailed. The equivalent 
plane strain finite element analysis is adequate to predict 
the behaviour of track improved by short PVDs, as long 
as the soil parameters are known to a good accuracy 
from laboratory and field testing. 
An experimental study, using large-scale triaxial testing 
system, was conducted to investigate the influence of 
prefabricated vertical drains (PVDs) on the cyclic 
behaviour of soft clay, which simulates typical cyclic 
loading encountered in rail embankments.  During the 
application of cyclic loading, the PVDs can prevent the 
undrained failure by dissipating the excess pore water 
pressure.  The drainage provided by PVDs also 
facilitates the dissipation of excess pore pressure during 
rest period.  The smear zone diameter was 
approximately three times the equivalent diameter of the 
mandrel, which in good agreement with previous studies 
under static loading conditions.  Based on this study, it 
may concluded that railway tracks will benefit 
considerably by having PVDs installed in the soft 
formation, which will prevent undrained failure and soil 
slurrying under high cyclic-induced excess pore 
pressures. 
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